Abstract-On March 11, 2011, at 05:46:23 UTC, a megaearthquake (magnitude 9.0) occurred near the NE coast of Honshu Island (Japan), which originated near the subduction plate boundary between the Pacific and North American plates. The epicenter has been located at about 130 km east of Sendai City at a depth of about 32 km. A foreshock sequence took place days preceding the mainshock with magnitude 7.3 in March 9. The earthquake has been followed by a devastating tsunami. The location, the geometric parameters, and the focal mechanism are in agreement with the occurrence of the earthquake along the subduction plate boundary. The focal region from seismological analysis indicated that an area of about 500 km × 200 km moved with a maximum displacement of about 24 m near the hypocenter. The Earth Observation Community has made a strong effort to investigate the surface effects by exploiting the satellite data and the geodetic GPS measurements available. The Group on Earth Observation Geohazard Supersites established the Tohoku-Oki Event Supersite. This initiative provided a huge amount of satellite data to the scientific community. The main outcomes concern the measurement of the surface displacement pattern, the detection of surface changes due to damage, and the investigation of coastal changes due to inundation.
I. INTRODUCTION
T HE Tohoku-Oki earthquake occurred on March 11, 2011, at 05:46:23 UTC near the NE coast of Honshu Island (Japan). The megaearthquake (M 9.0) originated from a thrust fault on the subduction zone plate boundary between the Pacific and North American plates [1] , whose relative motion is 8-8.5 cm/year [2] . The mainshock was preceded by a foreshock sequence lasting two days with a major event in March 9 (M 7.3), which occurred along the same low-angle thrust plane and about 45 km away from the mainshock [3] . Although the epicenter is offshore, located about 130 km E of Sendai at about 32-km depth, large coseismic deformation has been detected on land based on GPS Earth Observation Network System (GEONET). Indeed, GPS station at the Oshika Peninsula registered up to 5 m toward ESE and 1 m downward [4] . A large tsunami estimated more than 10 m followed the Manuscript received December 18, 2012; revised January 11, 2013; accepted January 13, 2013 seism and reached a few kilometers inland causing serious damage to humans and buildings along the coastline [5] . Maximum run-up heights up to 39.7 m were reported from the Sanriku region, where the coast is characterized by narrow V-shaped bays and steep coastal geomorphology [6] . The crustal movements above the hypocenter have been measured carrying on seafloor geodetic observations by GPS/acoustic combination technique [7] . The Tohoku-Oki earthquake has had a worldwide resonance due to its exceptional magnitude and the dramatic effects on land, mainly generated as a consequence of the tsunami wave. The satellite Earth observation (EO) community has focused its attention on the investigation of the surface effects based on satellite data exploitation in order to measure the surface displacement pattern, the surface changes due to damage, and the coastal changes due to inundation. The wide satellite EO community has benefited from adding Tohoku-Oki to the Geohazard Supersites as one of the "event supersites" [8] . The Supersites initiative has made available a huge data set of satellite EO data freely provided by the main space agencies. In particular, ERS2, ASAR Envisat, ALOS PALSAR, TerraSAR-X, and COSMO-SkyMed data have acquired data over the epicentral region. Parallely, the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor has imaged the coastal region to identify inundation and floods. Stemming from Tohoku-Oki Supersite initiative, the IEEE Geoscience and Remote Sensing Letters (GRSL) has proposed to open a call for the submission of scientific papers to IEEE GRSL. The papers accepted for publication are seven, temporally distributed from March 2012 to March 2013. They provide a reliable summary of the wide spectrum of the studies carried on. They concern the seismic source and the tsunami and the investigation of the surface effects on land due to the mainshock (displacement and damage) and the tsunami wave (inundation and damage).
II. CRUSTAL MOVEMENTS DETECTION FROM SAR SATELLITES
A huge data set of synthetic aperture radar (SAR) images has been made available soon after the Tohoku-Oki earthquake due to the Group on EO Geohazard Supersites initiative that decided to open the Tohoku-Oki Event Supersite [8] . The main rule to select a Supersite is that "access to spaceborne and in situ geophysical data of selected sites" is provided to the scientific community. Indeed, ERS-2, ASAR Envisat, ALOS PALSAR, TerraSAR-X, and COSMO-SkyMed data have covered the epicentral region. Despite such large amount of acquisitions, Envisat and ALOS were the only two satellites able to fully 1545-598X/$31.00 © 2013 IEEE cover the whole earthquake area. It is worth noting how the earthquake occurred during the ASAR drifting phase and just before ALOS mission end [4] . Interferometric SAR (InSAR) technique has been then applied to such data in order to measure surface movements and to use the outcomes for further analyses. The epicentral hit area on land is basically coincident with Honshu Island. Six ALOS ascending tracks (from 400 to 405) have been processed, together with three Envisat ASAR tracks (74, 347, and 189) along descending paths in order to ensure the full coverage of Honshu. Parallely, the calibration of InSAR and removal of orbital ramps has been performed using the ARIA (JPL and Caltech) solution of the GEONET GPS network (1224 benchmarks). After calibration, the RMS of InSAR results decreased from 17.8 to 7.7 cm. InSAR measured a maximum line-of-sight (LOS) displacement of 3.7 m (Oshika Peninsula) for ALOS and 2.4 m for ASAR [4] , [9] . Such a large discrepancy is ascribable to the large horizontal motions, particularly in the eastern component (up to 5.03 m at GPS station 0550), and the large incidence angle. Further analyses at local scale have been performed using very highresolution SAR images from TerraSAR-X satellite [1] . InSAR's main limitation is that movements are measured along LOS only; thus, this hampers to properly extract a three-component displacement. In order to measure slant range/azimuth vectors, image correlation approaches are available. Two methods have been applied to TerraSAR-X data. An image correlation algorithm after applying solid Earth tide and atmospheric path delay corrections have been used in [10] . Cross-correlation vectors in range and azimuth have been compared with GPS components, and the standard deviation of discrepancies is up to 15 cm. In [1] , the shift of unchanged buildings detected in TerraSAR-X images is related to the measurement of crustal movements in the pre-and postearthquake SAR data. The building map has been extracted from both images through segmentation approaches. Later on, unchanged buildings have been selected; finally, shifts have been computed by area-based matching, able to detect movements with an accuracy value better than 0.5 m. In both cases, the images were acquired in stripmap mode, with azimuth and ground range resolution of about 3.3 m, with an incident angle at the center scene of 37.31
• [1] . As aforementioned, the GEONET GPS network has provided a huge number of reference points for scaling InSAR products. In addition, these latter GPS data of the International GNSS Service sites have been used for testing a novel approach, called Variometric Approach for Displacements Analysis Stand-alone Engine (VADASE), dealing with the real-time estimation of coseismic displacements over an interval of few minutes [11] . The test has involved two GPS stations MIZU nearby the epicenter (on land) and USUD quite far to the south (see Fig. 1 ). The result confirms the horizontal offset measured from InSAR and GEONET of about 2.4 m roughly toward east and a subsidence of 0.2 m.
III. TSUNAMI EFFECTS ON LAND
The Tohoku-Oki earthquake has been generated by the rupture of the undersea megathrust fault along the subduction zone where the Pacific plate moves beneath Honshu Island [12] . Most of the destructive effects of the earthquake on land were provoked by the subsequent tsunami. Soon after the impact along the coast, many damage and inundation reports were provided, testifying the large extent of the hit area. The tsunami wave was above 10-m height. In the Sendai area in the prefecture of Miyagi, inundation reached 5 km inland, whereas the run-up has been up to 40 m in Miyagi and South Iwate coast [12] . In order to investigate the effects of the tsunami, the available data set is composed of ASTER images at VIS and thermal frequencies, Envisat ASAR, ALOS PALSAR, and Cosmo-SkyMed data. The main findings concern the inundation map, the run-up, and the identification of those factors locally favoring or preventing such effects. In particular, in high relief areas, the coastal topography hampers the propagation of the tsunami wave, whereas in plain areas, it achieves the maximum propagation inland. It has been found that the inundation limit is characterized in plain areas by a typical slope between 0.8
• and 1 • , whereas higher average slopes are between 2
• and 2.7
• where a prominent topography is present close to the shoreline [12] . ASTER data have been also used to extract the vegetation coverage and to verify any possible relation with the inundation patterns. Indeed, a k-means classifier has been applied to VNIR channels and normalized difference vegetation index in order to properly extract information on the soil coverage and changes. Finally, COSMO-SkyMed data have allowed detecting floodwater in and around the urban area of Sendai. The computation of coherence from Envisat ASAR highlighted a large area (∼ 70 km 2 ) along the Tokyo coastline that suffered strong decorrelation phenomena due to subsidence and pervasive liquefaction due to shaking effects [13] . Full polarimetric L-band spaceborne (PALSAR) and airborne (PiSAR) SAR data have been used to extract parameters representative of radar scattering mechanisms before and after the earthquake [5] .
The full polarimetric data analysis shows that the affected areas were represented by surface scattering with high entropy, indicating that a complex scattering mechanism with nonreflection symmetry is involved. The most relevant parameters used for the analysis of the surface effects are the coherence between HH and VV and that between RR and LL (right-left). It has been measured that HH-VV coherence increased from 0.35 to 0.6 whereas RR-LL coherence decreased from 0.7 to 0.36. Both results can be explained by the change in the scattering mechanism from the urban area to surface or volume scattering after the disaster.
IV. CONCLUSION
In this letter, the main results of the activities carried on in the framework of the IEEE GRSL Special Stream have been summarized. It is worth noting how the seven scientific papers collected have touched a wide range of expertise in the earth sciences with particular emphasis on EO, earthquake studies, and tsunami. A large number of satellite data, from SAR and optical sensors, at different frequencies and geometries, have been used (see Table I ).
In summary, these are the main achievements.
-The overall coseismic surface displacement pattern has been measured by SAR data, either applying InSAR (to Envisat and ALOS data) or exploiting image correlation algorithms (TerraSAR-X). -The InSAR measurements have been scaled and orbital ramps corrected with the GEONET data; the comparison between InSAR and GPS measurements shows an RMS of 7.7 cm after calibration. -The main findings from the use of COSMO-SkyMed data, Envisat, and ASTER images have been the inundation map, the tsunami run-up, and the flood in urban areas. Moreover, those factors hampering the propagation of tsunami wave (i.e., the topographic relief) have been investigated.
-Full polarimetric SAR data at L-band have demonstrated their effectiveness in surface change scattering detection and their sensitivity to scattering mechanisms.
